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Abstract: 
We present an adaptive lens which tunes its focal length with a glass membrane that is deformed by an integrated 
piezo bending actuator. A particular challenge in the fabrication of this type of actuator is the need to contact the 
electrodes on both sides of the piezo element, i.e. also on the glass surface. Therefore, we show a novel contacting 
method where the top electrode on the piezo is segmented and the backside electrode is left at a floating potential. 
With this setup we achieve tuning capabilities of more than 13 m-1 and response times in the range of less than 4 ms 
at a usable aperture of 4.5 mm. 
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Motivation and concept 
Tunable fluid-membrane lenses (e.g. [1-4]) com-
monly use elastomer membranes like silicone as an 
optical surface and are filled with an optical fluid [3]. 
Glass membranes, however, promise a wider range of 
compatible filling liquids due to much greater chem-
ical stability. Therefore, high refractive index liquids 
can be used, and matching to the glass promises re-
duced distortions and aberrations. In contrast to other 
varifocal lenses with glass membranes [5], our ap-
proach uses a bulk piezo material, such that larger ac-
tuators and thicker, larger membranes can be realized.  
In the system design in Fig. 1, the piezo actuators are 
directly attached to the glass which leads to a com-
mon problem of bending actuators: The passive glass 
layer obstructs access to the backside-electrode of the 
piezo with a wire. A well-known method for contact-
ing piezo films from one side is driving an in-plane 
polarized piezo with interdigitated surface electrodes 
in the longitudinal mode [6, 7]. The actual three-di-
mensional field distribution below the electrodes is, 
however, far from homogeneous, which leads to a 
drop in efficiency [7]. 
 
 
 
Fig. 1: Top: Schematic cross-section drawing of the 
lens. Bottom: Working principle. 
As an alternative, we demonstrate here a method to 
contact a transversely polarized piezo bending actua-
tor with planar electrodes from one side only which 
leads to an almost perfectly homogeneous field distri-
bution. We separate the electrodes on the outer side 
in two rings and leave the back electrode at a floating 
potential that is obtained from the voltage between 
the front-electrodes and the electrode areas by consid-
ering a series connection of capacitors:  
𝑉float,1 = 𝑉1 ∙ 𝐴1 (𝐴1 + 𝐴2)⁄   (cf. quantities in Fig. 1 
bottom). The resulting field is used both to re-polarize 
the material in the depicted directions and for the ac-
tuation. 
 
Design 
The working principle of the lens design uses the con-
stant volume of the fluid which is encapsulated by the 
lens membrane. The ring-shaped actuator bends the 
outer part of the membrane to displace a fluid volume, 
and the resulting pressure causes it to bulge in the cen-
tre, shaping a lens profile.  
We chose equal electrode areas, 𝐴1 = 𝐴2 to obtain a 
homogenous strain and maximum overall dielectric 
displacement over the entire piezo layer. With a sim-
plified linear FEM simulation model we found values 
for the parameters shown in Fig. 2 top that maximize 
the achievable deflection of the membrane. We fur-
ther found that a sandwich design with actuators on 
both sides of the glass provides a higher displacement 
than actuator sheets on only one side. A gap between 
outer support ring and piezo (rring – router) of 500 µm 
provides sufficient flexibility to act as a hinge while 
being strong enough to resist vertical displacement 
from the counter pressure. Varying the inner and 
outer radius (raperture and router) (Fig. 2 bottom) within 
their manufacturable range, we found that the maxi-
mum refractive power is achieved at an outer radius 
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of 11 mm and aperture width of 9 mm when the ring 
radius is kept constant at 11.5 mm. We used these val-
ues to manufacture the prototype. 
 
 
 
Fig. 2 Top: Simulated deflection profile (exagger-
ated by factor 15) with geometry parameters.  
Bottom: FEM Simulation results of a parameter 
sweep of aperture width and outer piezo radius at 
rring = 11.5 mm and Vtotal = 266 V for a double-
sided piezo configuration. 
 
Fabrication 
The piezo is a transversely polarized 100 µm thick 
commercial PZT film with planar electrodes and a  
piezoelectric coefficient d31 ~ -270 pm/V. After  
laser-cutting the piezo layers to an annular shape, they 
are depolarized at 430°C on a hot plate and glued to 
the 50 µm thick glass membranes. Afterwards, we la-
ser-structure a 100 µm wide and approx. 60 µm deep 
insulation trench into the PZT surface (Fig. 1) and cut 
the glass to a round shape of 25 mm. Remaining de-
bris from the laser processing is removed with a dip 
in HNO3 in weak ultrasound. We then fill the trench 
with silicone to avoid electrical breakdown (Mo-
mentive RTV 615 with 20 kV/mm dielectric strength), 
and glue the piezo-glass-membrane stacks to a frame 
from FR-4 PCB material. The piezo segments are 
connected with thin wires to the PCB frame by man-
ual soldering. We then re-polarize the piezo films at 
E ~ 1.5 kV/mm at a temperature above the glass-tran-
sition of the glue to reduce the pre-deflection due to 
the remanent strain. Finally, the lens is filled with par-
affin oil with a refractive index of n = 1.48 at 520 nm 
and 25 °C and is sealed with a 300 µm cover glass on 
its back side. We built three prototypes: one with  
piezo layers on both sides of the membrane (which is 
depicted in Fig. 3) and two single-sided versions with 
the piezo mounted above or below the membrane.  
 
 
 
 Fig. 3: Photograph of a prototype. 
 
Characterization 
The lens prototypes were characterized by scanning 
the surface profile of the glass membrane with an op-
tical profilometer using a chromatic confocal sensor. 
The lenses were driven in quasi-static regime (at 
0.75 Hz triangular ramp) and with maximum fields 
ranging from – 0.3 kV/mm (~ 1/3 Ec) to 1.5 kV/mm 
which we consider to be near saturation. 
First, we investigated the apertures of the lenses, i.e. 
the diameter which is usable as a lens. Therefore, we 
measured the lens surface profile along a line through 
the membrane centre and fitted a second order poly-
nomial function to the data for varying diameters. The 
residuals of the regression that are depicted in Fig. 4 
are a measure of how well the data can be approxi-
mated by a parabola. The plot shows a steep increase 
of the residuals for apertures larger 5 to 7 mm, as it is 
also expected from the simulated profile in Fig. 2 be-
cause of the change in curvature towards the outer 
part of the membrane (around the transition from yel-
low to green). The aperture diameter in an imaging 
system should therefore be limited to approximately 
half the membrane diameter to obtain good parabolic 
lens properties. The residuals for small apertures give 
an approximation for the limits induced by noise of 
the measurement method. 
 
 
 
Fig. 4: Root mean square of the residuals of a 
quadratic regression of the membrane profile with 
varying aperture. All lenses operated with the 
maximum field strength. 
 
We obtained the refractive power characteristics of 
the three different lens prototypes by using half the 
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membrane diameter for a spherical regression and ap-
plying the Lensmaker’s Formula.  
We find in Fig. 5 (top) that the double sided layout 
yields the highest refractive power tuning capability 
of f-1 > 13 m-1 as expected from simulations, because 
of the higher stiffness and force that the two actuators 
provide.  
While the two single sided layouts feature a smaller 
tuning range of 3-4 m-1, they are easier to fabricate.  
The sign of the displacement depends on whether the 
piezo is mounted on top or below the membrane. The 
different shape of the curves compared to the double-
sided layout may also come from the different stiff-
ness of the actuators, in particular compared to the 
hinge area outside of the piezo rings. 
 
 
 
Fig. 5 Top: Refractive power as a function of the ap-
plied voltage for different actuator configurations. 
Errorbars indicate the regression parameter uncer-
tainty.  
Bottom: Voltage profile for the operation of the dou-
ble-sided device. Vtotal = V1 – V2 is used for plotting 
in top figure.  
 
There is a small difference in the behaviour of the lens 
with two piezo layers for negative and positive actu-
ation voltages. Negative voltages indicate that the 
bottom actuator inside the fluid chamber is driven in 
polarization direction while positive voltages mean 
the same for the upper actuator as depicted in Fig. 5 
bottom. Therefore, the shape of the curve for the lens 
with double-sided actuator is caused by a different 
contribution of the two actuators to the total deflec-
tion. This behaviour is reproducible and can be at-
tributed to non-linear effects caused by counter-pres-
sure in the fluid chamber and to a pre-deflection of 
the membrane induced by residual stress after the po-
larization procedure.  
One key advantage of adaptive lenses, especially 
when driven by piezo actuators, is their fast response 
time compared to conventional lens systems. We 
therefore characterized the speed of the lens with dou-
ble-sided actuator as shown in Fig. 6. First, we meas-
ured the frequency response of the deflection of the 
membrane centre point which correlates over a wide 
range approximately linearly to the refractive power. 
The system was excited with a sinusoidal signal of 
different amplitude on the bottom actuator. On the 
one hand, we see a low pass behaviour that is caused 
by the damping of the filling liquid (Fig. 6 top). This 
can be avoided by choosing an oil with lower viscos-
ity. The actual limitation is the first system resonance 
that is seen at around 1.2 kHz, mostly independent of 
the excitation amplitude. It represents the fundamen-
tal vibration mode, i.e. the main spherical lens deflec-
tion and could thus be used for resonant tuning of the 
focal point.   
 
 
 
Fig. 6 Top: Frequency spectrum upon excitation. 
Bottom: Switching with a step function at t = 0 ms.  
 
This agrees very well with the step response (upwards 
and downwards in Fig. 6 bottom), where we see a 
damped response, with a ringing at approx. 1 kHz. 
Driving with a step function is highly relevant for ex-
ample if the lens is used in an autofocus system where 
the focal length is shifted in discrete steps. While the 
system settles after around 4 ms, a smart driving  
circuitry could push the response time to around 1 ms.  
 
The optical transmittance was measured with a photo-
spectrometer and averaged over three prototypes. The 
transmission is above 90% throughout the visible 
wavelength range as shown in Fig. 7.  
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It is mostly limited by the Fresnel reflections at the 
air – glass interface which could, due to the glass sur-
face, still be improved with an anti-reflection coating 
on the membrane and the cover plate on the back side. 
The reflections between glass and oil, however, are 
already low because of similar refractive indices of 
those materials. They could be even further reduced 
using a fully index-matched filling liquid. 
 
 
 
Fig. 7: Averaged transmission spectrum measured 
for three lenses filled with paraffin oil with a  
photospectrometer.  
 
Conclusions 
We presented an adaptive lens that uses a deformable 
glass membrane. To realize the integrated actuation, 
we glued a bulk piezo actuator onto the membrane 
which requires a new method to contact the electrodes, 
as the inner electrodes are obstructed by the glass 
membrane. Rather than using a complicated process 
to contact the backside-electrodes via the glass mem-
brane, we have successfully demonstrated a method 
to contact transversely polarized piezo films from one 
side only. We derived a lens design from FEM simu-
lations and built prototypes. The use of a glass mem-
brane allows for a wide range of filling liquids, rea-
sonably large focal power tuning capability of more 
than 13 m-1 at usable apertures of more than 4 mm 
and very fast response times in the range of some mil-
liseconds.  
Future work will include a robust fabrication process 
as well as optical aberration correction at higher or-
ders than the aspherical correction that we demon-
strated with a slightly different working principle in 
[8,9]. 
 
Acknowledgements 
This research was supported by German Research 
Foundation (DFG) grant WA 16547/1-2 within the 
Priority Program “Active Micro-optics” and the Clus-
ter of Excellence BrainLinks-BrainTools EXC 1086. 
 
 
 
References 
[1]  N.-T. Nguyen: Micro-optofluidic lenses: A re-
view. Biomicrofluidics, 4(3), 2010. 
[2]  S. Choi, B. Son, G. Seo, S. Park, K. Lee: Opto-
mechanical analysis of nonlinear elastomer 
membrane deformation under hydraulic pres-
sure for variable-focus liquid-filled microlenses. 
Optics Express, 22(5), 2014. 
[3]  J. Draheim, F. Schneider, T. Burger, R. Kam-
berger, and U. Wallrabe: Single chamber adap-
tive membrane lens with integrated actuation. In-
ternational Conference on Optical MEMS and 
Nanophotonics, 2010. 
[4]  S. Nicolas, M. Allain, C. Bridoux, S. Fanget, 
S. Lesecq, M. Zarudniev, S. Bolis, A. Pouy-de-
basque, F. Jacquet: Fabrication and characteri-
zation of a new varifocal liquid lens with embed-
ded PZT actuators for high optical perfor-
mances. International Conference on Micro Elec-
tro Mechanical Systems (MEMS), 2015. 
[5] L. Henriksen, M. Eliassen, V. Kartashov, 
J. H. Ulvensoen: Method for manufacturing ad-
justable lens. US Patent 2010/0133230 A1, June 
3, 2010. 
[6] N. W. Hagood, R. Kindel, K. Ghandi, 
P. Gaudenzi: Improving transverse actuation of 
piezoceramics using interdigitated surface elec-
trodes. Proc. SPIE 1917, Smart Structures and 
Materials, 1993. 
[7]  M. C. Wapler, M. Stürmer, J. Brunne, U. Wall-
rabe: Piezo films with adjustable anisotropic 
strain for bending actuators with tunable bend-
ing profiles. Smart Materials and Structures, 
23(5), 2014. 
[8]  M. C. Wapler, C. Weirich, M. Stürmer, U. Wall-
rabe: Ultra-compact, large-aperture solid state 
adaptive lens with aspherical correction. Inter-
national Conference on Solid-State Sensors, Ac-
tuators and Microsystems (TRANSDUCERS), 
2015. 
[9]  M. C. Wapler, M. Stürmer, U. Wallrabe: “A 
Compact, Large-Aperture Tunable Lens with 
Adaptive Spherical Correction”. International 
Symposium on Optomechatronic Technologies 
(ISOT), 2014. 
 
 
Contact 
U. Wallrabe; wallrabe@imtek.uni-freiburg.de 
 
 
Presented at ACTUATOR 2016, 15th International Conference on New Actuators 
www.actuator.de 
